Abstract-The use of FBG sensors in water level monitoring has shown great advantages over the use of conventional electrical sensors. However, much effort is still required to increase their sensitivity towards water level measurement with eliminated sensitivity towards temperature. Here, the FBG was bonded on a PVC polymer plastic cantilever beam and rubber diaphragm structure. The sensing mechanism was based on the differential FBG method. Variations of the water level from 0 to 100 cm obtained the sensitivity of 0.0639 nm/cm with the linearity of 98.06%. The poor linearity was mainly due to the manual fabrication errors. However, this uncertainty can be overcome through the polynomial regression fit in determining the water level measurement. The measured water level was closed to the actual water level at a tolerance of ±2 cm. For temperature effects, the sensitivity was inconspicuous, recorded at only 0.0003 nm/ • C across the range of 10 • C to 60 • C.
I. INTRODUCTION

F
IBER Bragg grating (FBG) sensors are increasingly considered as a potential alternative to conventional electrical sensors for water level utilization. Immunity to electromagnetic interference (EMI) and resistance from causing conductivity in the water are significant advantages of this fiber optic sensor [1] - [3] . Several intrinsic based water level sensors [4] - [6] have been reported to have a very high water level sensitivity. Xiong et al. [4] developed a Mach-Zehnder interferometer (MZI) sensor by splicing a long period fiber grating between two spherical-shaped fiber structures and obtained a sensitivity of −2.14 nm/cm across the range of 3.5 cm. Li et al. [5] developed an asymmetrical fiber MZI combined with FBG and retrieved a sensitivity of −0.432 nm/cm across the range of 7.5 cm. Splicing of D-shaped fiber to two coreless fibers developed by Dong et al. [6] recorded a sensitivity of 2.138 nm/cm with water levels ranging from 0 cm to 5.5 cm. However, the abovementioned special sensors are capable of sensing only a few centimeters of the water level due to the constraint of the structure length [1] .
This limitation can be overcome through extrinsic based water level transducers [7] - [15] by bonding the FBG on a mechanical structure. These water level transducers sense the height of the water through hydrostatic pressure and are capable of measuring the water level up to thousands of centimeters in height. Sengupta et al. [9] attached two FBGs to a bourdon tube where one of the FBGs was used to sense the water level while the other FBG was utilized as reference to compensate the temperature cross sensitivity. The water level sensitivity was recorded at 0.00072 nm/cm across the range of 2,109.2 cm [9] . Song et al. [10] bonded an FBG on a carbon fiber composite diaphragm and obtained a sensitivity of 0.00185 nm/cm across the range of 1,000 cm. However, the water level resolution was too low, where interrogation of the obtained sensitivity to a commercial 1 pm wavelength resolution of the optical spectrum analyzer (OSA) retrieved the water level resolutions of 1.4 cm [9] and 0.5 cm [10] , respectively. The study by Marques et al. [12] - [15] proposed an array of 5 FBG sensors to measure the water levels across the range of 75 cm. However, multiple sensors were required which can add up the cost of the transducer.
Previously, we [16] have developed a highly sensitive pressure transducer based on the use of rubber diaphragm and aluminium cantilever beam with the recorded sensitivity of 0.3296 nm/kPa. However, it was realized that the high Young's modulus of the aluminium cantilever beam restricted the total deformation of the rubber diaphragm, thus limiting the full potential of the proposed transducer. In this study, we improved the cantilever beam by utilizing a lower Young's modulus Polyvinyl chloride (PVC) polymer plastic based material. The cantilever beam was also improved in design by utilizing a triangular beam instead of a rectangular beam for higher deflection [17] , [18] . The sensing principle was based on differential FBG. The wavelength change difference between two FBGs will not only nullify the temperature's cross-sensitivity but also enhance the axial strain by as much as twice [19] - [21] . Here, the proposed transducer was utilized as the water level measurement with the improved sensitivity recorded at 0.0639 nm/cm across 100 cm of water level.
II. WORKING PRINCIPLE
The proposed water level transducer is illustrated in Fig. 1 (a) and Fig. 1 (b) which show the operating principle of the transducer. The physical structure of the transducer consists of a retaining ring and water chamber that were made from Acrylonitrile Butadiene Styrene (ABS) plastic through a 3D printing machine. The rubber diaphragm with the Young's modulus of 2.393 MPa obtained through ASTM D412 was positioned between the retaining ring and water chamber.
A plastic rod was glued firmly at the center of the diaphragm. A triangular clear flexible plasticized PVC cantilever beam as shown in Fig. 2 was positioned on top of the plastic rod.
The Young's modulus of the PVC obtained through ASTM D638 was 337.047 MPa. The PVC plastic had a smooth surface finish to ensure even strain distribution can be transferred to the bonded FBGs. Two FBGs with the grating length of 1 cm were bonded on the top and bottom surface of the cantilever beam. All of the bonding processes were performed by using Cyanoacrylate glue which is a strong fast curing adhesive glue. A strong bonding between both the FBGs with the cantilever beam is very important. To ensure this, the grating of the FBG was pressed by using a Teflon film to minimize as much non-uniformity as possible during the bonding process. Both of the gratings were inscribed on single mode fibers (SMF-28) by using a phase mask and 248 nm KrF excimer laser. During deflection, FBG 1 bonded at the bottom of the cantilever beam experienced a positive bending strain (ε c ) due to tension elongation, while FBG 2 experienced a negative strain (−ε c ) due to compression. During temperature variations (T), both of the FBGs experienced equal thermal expansion of the PVC material (â c ). Thus, the relative center wavelength change of both the FBGs can be expressed as [22] :
where λ F BG1 , λ F BG2 , λ F BG1 and λ F BG2 are the change of center wavelength and initial centre wavelength for FBG 1 and FBG 2, respectively. p e and ξ f are the photo-elastic constant and thermo-optic coefficient of the fiber. From Eq. (1) and Eq. (2), it can be clearly seen that the use of single FBG was sensitive to two variables which were the bending strain and temperature. However, the difference between both the centre wavelength changes not only eliminated the temperature effects but also enhanced the strain experienced as much as twice which can be expressed as:
As the water chamber was filled with water, the rubber diaphragm deformed due to hydrostatic pressure (P) expressed as [19] , [23] :
where R and t r are the radius and thickness of the diaphragm. ν r and E r are the Poisson's ratio and Young's modulus of the rubber. r is the radius of the plastic rod. Concurrently, an opposite deformation also occurred at the centre of the diaphragm due to the reaction force (F) from the cantilever beam which can be expressed as [19] , [23] :
Thus, the total deformation of the diaphragm can be expressed as:
From Eq. (6), it can be clearly seen that higher δ total can be achieved with minimum δ F . The deformation of the diaphragm then pushed the cantilever beam, resulting in deflection expressed as [18] , [24] :
where l, band t c are the length, width and thickness of the cantilever beam. E c is the Young's modulus of the PVC. The deflection of the beam was equivalent to the total deformation of the diaphragm (δ c = δ total ) with an equal force. Thus, Eq. (7) can be rewritten as:
Substituting Eq. (8) into Eq. (5), expressed as:
The relationship between Young's modulus and strain of the beam can be expressed as [25] :
By substituting Eq. (10) into Eq. (8), the relationship between deflection and strain of the beam can be expressed as:
Rewriting Eq. (9) and Eq. (11), expressed as:
Substituting Eq. (4), Eq. (11) and Eq. (12) into Eq. (6), the bending strain experienced by the FBGs can be expressed as: (13) into Eq. (3), the centre wavelength change difference in terms of hydrostatic pressure (P = ρgh) can be expressed as:
However, complete strain transfer will not occur due to the large difference in Young's modulus [26] . The high Young's modulus FBG at 70 × 10 3 MPa and stiffening adhesive glue restricted the rubber's deformation and beam's deflection. These complications have been reported in several studies [13] , [27] , [28] which resulted in prediction errors of 47% to 85%. By taking into account the loss, a coefficient (η loss ) can be introduced into Eq. (14) which can be expressed as:
The loss coefficient was obtained as a comparison between experimental sensitivity and predicted sensitivity. The obtained coefficient adjusted the prediction to minimize the error. Based on the properties as in [16] and Table I , the predicted water level sensitivity without taking into account the η loss was 0.1022 nm/cm.
III. EXPERIMENTAL SETUP AND RESULTS
A. Water Level Response
The proposed water-level transducer was first evaluated in terms of response towards water level measurement at a constant environmental temperature of 32.7 • C. The transducer was attached to a water storage tank as shown in Fig. 3 . Both of the FBGs were illuminated by the Superluminescent Diode (SLD) light source via a 2 × 2 optical coupler. The reflected spectrums were viewed from the optical spectrum analyzer (OSA) with a wavelength resolution of ≥2 pm. The water level was varied from 0 cm to 100 cm with multiple testing at steps of 10 cm. Fig. 4 (a) shows the increasing and decreasing test-retest reliability of the transducer. From the result, the transducer had the reliability in obtaining the same result with a very low standard deviation as shown in Fig. 4 (b) . The highest standard deviation was recorded at only 4.18 pm. By limiting the water level measurement at a maximum of 100 cm also reduced the recovery time. Fig. 5 shows the average centre wavelengths of FBG 1 and FBG 2. The centre wavelength change of FBG 1 underwent The slope of the regression obtained the sensitivity of FBG 1 at 0.0313 nm/cm and −0.0326 nm/cm for FBG 2. However, the difference between both the centres wavelength changes enhanced the sensitivity to 0.0639 nm/cm as shown in Fig. 6 . This showed that the use of two FBGs with centre wavelength change difference as in Eq. (3) was capable to double the strain experienced as compared to only one FBG. The use of two FBGs bonded on opposite direction of the cantilever beam will measure two directions of bending strain which are the positive direction and negative direction. However, if only one FBG is being used, the measured strain will only be in one direction, depending on the bonding position of the FBG.
The corresponding η loss in Eq. (15) was 1.6 or equivalent to 37.48% of loss which was much lower than the work reported in [13] , [27] , [28] . This showed that throughout strain measurement in two directions by using two FBGs was also capable to reduce the loss.
However, from the result as in Fig. 6 , the transducer showed poor linearity at only 98.06%. This poor linearity might be due to several manual fabrication errors such as bonding of the gratings might not be exactly at the centre of the deflection. Besides, uneven curing of the glue might also result in uneven strain distribution. Other reported works on low Young's modulus polymer transducer [29] -[31] also showed poor linearity as compared to metallic based diaphragm transducers [19] , [21] , [32] , [33] . This poor linearity can result in output uncertainty of the measured water level. One of the solutions to improve the linear fitting is by reducing the sensing range. However, this will reduce the total dynamic range performance of the transducer. From the result as in Fig. 4 , the transducer was capable to give good repeatable measurements. Thus, the transducer was capable to perform at a full scale of 100 cm by getting an acceptable fit through the polynomial regression as shown in Fig. 7 by using the fourth order polynomial curve fitting expressed as:
where
The measured water level as shown in Fig. 8 was close to the actual water level at tolerance of ±2cm.
Interrogation of the obtained sensitivity to a 1 pm wavelength resolution of OSA corresponded to the water level resolution of 0.02 cm which was much higher than the works in [9] and [10] . The high water level resolution made the transducer suitable to be utilized as a precision instrument. The dynamic range (D R) of the transducer can be expressed as [34] :
where h min and h max are the minimum and maximum measurable water ranges at 0.02 cm to 100 cm. Based on Eq. (17), the dynamic range was 74 dB which was 36% much lower than the work reported by Liu et al. [34] . As a suggestion, a lower Young's modulus of the FBG such as the poly(methyl methacrylate) (PMMA) polymer optical fibers (POF) can be utilized to increase the dynamic range. POFs have 30 times much lower Young's modulus at 3 GPa [35] as compared to silica FBG. The low Young's modulus of POF will further increase the sensitivity and measurable range. As a comparison with the work reported by Marques et al. [12] - [15] , our proposed transducer only utilized two FBGs instead of multiple sensors in measuring the water level of about the same height. However, as compared to the multi-sensing transducer by Leal-Junior et al. [36] , the proposed transducer will have limitations in measuring multiple densities of liquid such as the water-oil interface levels in the oil industry. By taking 10 cm of water level equal to pressure at 0.981 kPa ≈ 1 kPa, the converted hydrostatic pressure sensitivity can be obtained as 0.639 nm/kPa which was a 48% of increment from our previous work [16] . The sensitivity of 0.639 nm/kPa was 210,197 times much higher than the bare silica FBG [37] . Besides, it was also much higher than any of the advanced transducers ever reported [30] , [38] - [40] . The proposed transducer was about twice lower than the etched POF bonded on Vinyl diaphragm [26] .
B. Temperature Variations Response
Next, the proposed transducer was evaluated in terms of response towards temperature variations by submerging the transducer in a water bath as shown in Fig. 9 (a) . Ice cubes were further added into the water bath as shown in Fig. 9 (b) to evaluate the response of the transducer at a larger temperature range.
The water was then heated from 10 • C to a maximum temperature of 60 • C. Fig. 10 shows the centre wavelength changes of FBG 1 and FBG 2 against temperature change at a step of 5 • C. From the result, the temperature sensitivity of FBG 1 was recorded at 0.091 nm/ • C while FBG 2 was recorded at 0.0907 nm/ • C. The obtained temperature sensitivity was very high which was 8.7 times higher than the bare silica FBG [37] and possessed almost the same sensitivity as the POF reported by Bhowmik et al. [41] at −0.095 nm/ • C. Bonding of the FBGs on PVC polymer plastic also obtained a much higher temperature sensitivity as compared to bonding directly on rubber and aluminium in our previous work [42] . The high temperature sensitivity can be explained from the high thermal expansion of the PVC material due to the reduced Young's modulus and thickness.
The high temperature sensitivity also justified that measurement by using a single FBG was sensitive to the change of temperature as in Eq. (1) and Eq. (2). However, the temperature sensitivity reduced tremendously as the centre wavelength change of FBG 2 was subtracted from FBG 1 as shown in Fig. 11 . From the result, the temperature sensitivity was recorded at 0.0003 nm/ • C which was 300 times much lower than utilizing a single FBG. The obtained temperature sensitivity was the same as the long period grating (LPG) in photonic crystal fibre (PCF) reported by Bock et al. [43] . The regression was obtained at R 2 = 0.8636, indicating that the centre wavelength change difference had no correlation and independent from the change of temperature. This can be seen where the highest centre wavelength change difference in Fig. 11 was recorded at 0.017 nm; while the highest centre wavelength change in (3) will not only enhance the sensitivity by twice but also nullify the temperature effects.
IV. CONCLUSION
This study has successfully demonstrated that the innovative use of low Young's modulus host materials combined with differential FBG sensing mechanism were capable to enhance the sensitivity of a conventional high Young's modulus silica FBG that has not been reported in water level monitoring. The water level sensitivity was recorded at 0.0639 nm/cm across the range of 0 cm to 100 cm. In addition, the use of differential FBG measurement technique not only enhanced the water level sensitivity by two times but also capable to eliminate the high temperature sensitivity. The temperature sensitivity was recorded at only 0.0003 nm/ • C across the range of 10 • C to 60 • C which was insignificant. His research interests include fiber Bragg grating sensors, structural health monitoring, and fiber Bragg grating pressure sensors.
